It is important to find alternative membranes to the state-of-the-art polybenzimidazole based high temperature proton exchange membranes with high proton conductivity at elevated temperature but with simple synthesis procedures. In this work, inorganic-organic 
Introduction
The Different from hydrated H + ions as proton conductor for PEMFCs operated at low temperatures, phosphoric acid (PA) 4 , ionic liquids 5 and heterocyclic compounds including imidazole 6 and triazole 7 have been investigated as alternative proton conductors in proton exchange membranes at elevated temperatures. Those alternative proton conductors allow for the reduced dependence on humidity and showed high proton conductivity at elevated temperatures. Among them, PA is probably one of the most promising proton conductors in that connection and has been extensively applied in basic polymer-based PEMs, such as polybenzimidazole (PBI) [8] [9] [10] and pyridine containing aromatic polyethers 11 . PA-doped PBI membrane (PA/PBI) is the state-of-the-art PEM operated at elevated temperatures, showing the high proton conductivity at low relative humidity (RH) as well as good thermal and oxidative stability 12 . However, full-scale applications of PBI based PEMs are limited by the relatively complicated fabrication procedures of the PBI polymeric material.
Recently, other basic polymer membranes with simple fabrication procedures were developed as alternative elevated temperature PEMs, such as polyvinylpyrrolidone (PVP), and poly(4-vinylpyridine). Lu et al. synthesized the PA-doped polymer composite membrane by blending PVP with polyvinylidene fluoride (PVDF) 13 or poly(ether sulfone) 14 . These membranes showed the excellent thermal stability and high proton conductivity at temperatures up to 180 o C 14 . Generally, for the basic polymer based composite membranes, the first phase supports the mechanical stability of the composite membrane such as PVDF and PES, while the second phase plays the role as proton transportation network with liquidlike dynamics in nanoscale channels or pores formed in miscible blends, such as PVP. 15 However, there is a trade-off between the proton conductivity and mechanical strength in the composite membrane, which is closely related to the content of PVP. That is, reducing the PVP content would decrease the proton conductivity of the composite membrane with the increased mechanical strength of the membranes.
14 Nevertheless, the proton conductivity of composite membranes can be improved by incorporating functionalized nano-or mesoporous silica materials such as phosphorylated hollow mesoporous silica (HMS) submicro spheres 16 , PBI-functionalized silica nanoparticles 17 , ionic liquid-functionalized mesoporous silica 18 , phosphotungstic acid functionalized mesoporous silica 19 , and proton conducting groups functionalized mesoporous silica 20 . Among them, functionalized HMS shows the high water uptake due to a large amount of lumen and facilitated proton transportation in the functionalized mesoporous silica channels. Jiang et al. found that the proton conductivity of recast Nafion membrane at low relativity humidity (RH) and 80 o C was improved 10 times after the addition of functionalized HMS with sulfonic acid, phosphoric acid and carboxylic acid groups 21 .
Moreover, the phosphorylated HMS embedded chitosan membranes showed the high proton conductivity both at 100 % and 40 % RH in comparison with the pristine chitosan membranes 16 . In addition, an enhanced interfacial interaction and control over the interface can be achieved by grafting amino-groups on silica surface 22 . The amine-tailored silica material improved the interfacial compatibility between the PBI membrane and silica particles by the hydrogen bonding interaction between PBI and amino-functionalized silica materials 23 . It has been reported that self-assembled amino-functionalized silica particle clusters enhance the mechanical and thermal stability of the PBI matrix, and the PA uptake as well as the proton conductivity 24 .
Herein, a PES-PVP membrane with a relatively low PVP content was employed as polymer matrix. Hollow mesoporous silica, amino-functionalized hollow mesoporous silica (NH2-HMS) and amino-functionalized mesoporous silica (NH2-meso-silica) were incorporated into the polymer matrix to form nanostructured inorganic-organic composite membranes. The present work focused on the effects of the hollow structure and the aminofunctional groups of silica fillers on the properties of the composite membranes. More specifically, the interfacial interaction of the silica inorganic fillers and the polymer matrix was investigated in details. More importantly, the proton conductivity and cell performance of the composite membrane were carefully investigated and the functions of silica fillers were proposed. Besides, the durability of the fuel cells based on the composite membrane as well as the pristine PES-PVP membrane was also investigated to reveal the feasibility of the nanostructure inorganic-organic hybrid membrane in fuel cells.
Experimental

Mesoporous silica fabrication
Mesoporous silica (meso-silica) were prepared by mixing 2.5g Cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich) and 15. To synthesize HMS, silica sphere template was obtained by modified Stӧber method 25 .
Typically, 12 mL TEOS was added into a solution with 150 mL ethanol, 20 mL Milli-Q water and 6.3 mL ammonia solution (28 wt%) and stirred at room temperature for 1h. After the centrifuge treatment, the solid silica spheres were ultrasonicated at 500 mL Milli-Q water and 150 mL ethanol for 0.5 h. And the suspension was transferred into the CTAB solution with 3.0 g CTAB, 40 mL Milli-Q water, 20 mL ethanol, and 7.0 mL ammonia solution (28 wt%).
TEOS (4.5 mL) was added dropwise and stirred at room temperature overnight. Then the suspension was centrifuged at 8000 rpm for 5 min and the obtained solid was redispersed at 500 mL Milli-Q water. After the addition of 10. 
Amino-functionalization of silica materials
Amino-functionalized mesoporous silica or HMS was prepared by dispersing 2.0 g silica powder in 80 mL toluene. The suspension was refluxed at 110 o C in an oil bath for 20 h under N2 protection after the addition of 3.0 mL (3-Aminopropyl)triethoxysilane (APTES, SigmaAldrich). The solid materials were finally washed by toluene for twice, and it was dried for future use. The amino-functionalized meso-silica and HMS were denoted as NH2-meso-silica and NH2-HMS.
PES-PVP composite membrane
Certain amount of silica materials were added into PES (Radel ® A300, Solvay, Belgium) and PVP (PVP360, Mw = 360 000, Sigma-Aldrich) solution in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to form a slurry. The weight ratio for PVP to PES was 7:3, while the weight ratio of silica powders in the PES-PVP composite membrane was fixed at 2.0 wt.%. 
Characterizations
Small-angle X-ray scattering ( Greenlight G20 fuel cell test station. H2 and O2 (dry gas) flow rates were 50 and 100 mL min -1 , respectively. The proton conductivity of PES-PVP based composite membranes was measured using electrochemical impedance spectroscopy technique at frequencies ranging from 100 KHz to 10 Hz. Fig.1 shows the TEM micrographs of HMS, NH2-HMS and NH2-meso-silica. For the fabrication of HMS, solid silica spheres with an average size of 260 nm derived from Stӧber method 25 were covered by mesoporous silica shells with the surfactant of CTAB in the mesopores. When the core-shell particles were exposed to the Na2CO3 solution, the solid SiO2 core was selectively etched out while the shell remained intact with the oriented mesoporous structure with thickness of 60 nm (Fig. 1A ). This is due to the fact that the silicate-CTAB mesoporous shell is more stable than the inner solid SiO2 core under the alkaline conditions. 25 The pore channels in HMS were aligned perpendicularly to the surface of the spheres, as shown in Fig. 1B . After the post-grafting of amino-groups, the morphology of HMS was still intact with mesoporous shell and hollow structure ( Fig.1C and D) . Wormlike mesoporous channels directed from the centre to the edge of the spheres were observed for NH2-meso-silica, as shown in Fig.1E and F. The average particle size was 350 nm. Fig. 2A) .
Results and discussion
Formation of amino-functionalized mesoporous silica materials
The BET surface area of HMS was 1275 m 2 g -1 . After the amino-functionalization, the surface area of NH2-HMS was reduced to 1069 m 2 g -1 , which is higher than 592 m 2 g -1 for NH2-meso-silica. This may be due to the large lumen of NH2-HMS 27 . Moreover, the pore size of HMS decreased from 2.9 to 2.6 nm (Fig.2B) , while the pore volume dropped from 1.03 cm 3 g -1 for HMS to 0.72 cm 3 g -1 after the amino-functionalization. The reduced pore size and pore volume indicate the successful grafting of -NH2 group on the surface of the mesoporous channels of HMS. 28 Based on the TGA analysis (Fig.2D) , the content of amino-groups in NH2-HMS and NH2-meso-silica was 9.8 and 9.2 %, respectively, corresponding to 1.69 and 1.58 mmol. Physical properties of HMS, NH2-HMS and NH2-meso-silica are listed in Table   1 .
The mesoporous structure of amino-functionalized mesoporous silica was confirmed by synchrotron small angle X-ray scattering, as shown in Fig. 2C . A broad peak was observed in the SAXS curve of HMS, indicating the oriented pore structure of the mesoporous silica materials. This is consistent with the observed ordered mesoporous shell structure in the TEM image, 29 as shown in Fig.1 . After grafting of -NH2 groups, the scattering peak increased to a high q value, indicating the decrease of the pore size. On the other hand, NH2-meso-silica shows a sharp peak in comparison with HMS and NH2-HMS, suggesting a higher level of orientation of the mesoporous channels. 30 The successful incorporating of amine group on HMS has been confirmed by solid-state 13 Si MAS NMR spectra of the hybrid particles, the peak signal at -66 ppm corresponds to the silicon connected to the amino group (Fig.3B) , suggesting the condensation of APTES in HMS. It is noted that signals of incompletely hydrolysed silanes and templates which would appear around 59 and 14 ppm are absent in 13 C CP/MAS NMR, indicating the completely hydrolysed silanes and the template removal.
32
The amino-functionalization of mesoporous silica was further confirmed by the ATR-FTIR characterization (Fig.3C) 33 The results indicate that the -NH2 group has been successfully anchored onto the surface of mesoporous silica. Fig.4 shows micrographs of cross-sections of the pristine PES-PVP membrane and silica/PES-PVP composite membranes. The pristine PES-PVP membrane shows smooth cross-sectional morphology (Fig.4A) , indicating dense and homogeneous micro-structure.
Properties of amino-functionalized mesoporous silica based PES-PVP composite membrane
After the addition of 2.0 wt% of inorganic silica fillers into PES-PVP membrane, individual spheres of HMS (Fig.4B ), NH2-meso-silica (Fig.4C ) and NH2-HMS (Fig.4D) were clearly observed in the polymer matrix without aggregation. This indicates that silica spheres are homogeneously dispersed on the polymer matrix with good interfacial contact with the matrix, although the addition of inorganic fillers increases the roughness of the membrane (inset images). Nevertheless, when excess inorganic mesoporous materials are added into the polymer matrix, it would aggregate in the polymer host 34, 35 , which would inhibit the proton transportation in the polymer matrix 36 . Occasionally, void structure of HMS was observed.
The characteristic peak of C=O stretching vibration can be observed at 1652 cm -1 in the ATR-FTIR spectrum of PVP in the PES-PVP membrane (Fig. 5A) , consistent with that reported in the literature. 37 And a strong peak at 1149 cm -1 can be assigned to the symmetric stretch peak of O=S=O in PES. 38 Moreover, the absorption peaks at 1461 and 1422 cm -1 are characteristic adsorptions of the pyrrolidinyl groups in PVP, as shown in Table 2 For the pristine PA/PES-PVP membrane, there is a broad peak in the range of 1050 -900 cm -1 , which is attributed to the free phosphoric acid molecules (Fig. 5B ) 41 . Moreover, the C=O bonds in PES-PVP red-shifted from 1652 to 1624 cm -1 after PA doping, suggesting a weak interaction with OH group of PA molecules via hydrogen bonding. Furthermore, the peak was shift to 1622 and 1620 cm -1 in PA/PES-PVP-NH and PA/PES-PVP-H membranes, respectively. Generally, -OH and -NH2 groups are protonated under acid condition to form -OH2 + and -NH3 + . 42 And the protonated groups tend to form the hydrogen bond with C=O in PVP, leading to the red shift of the peak of C=O. Table 2 lists the peak positions of the PES-PVP composite membranes with different silica fillers. respectively. This may be due to the decreased acid adsorption sites after the addition of silica materials in polymer matrix. 44 Moreover, PA/PES-PVP-NH and PA/PES-PVP-NS shows higher volume swelling ratio than that of PA/PES-PVP-H, but lower than that of the pristine PES-PVP composite membrane, indicating the hindrance effect of silica fillers for the volume swelling of the PES-PVP membrane. The lower volume swelling of PES-PVP composite membranes after the addition of silica fillers is likely due to the weak interaction of silica and PVP molecules, as indicated by ATR-FTIR characterization. with PA/PES-PVP-H may be due to the facilitated proton diffusion in silica fillers by the hydrogen bond between the -NH2 groups and PA molecules. Moreover, for the pristine PA/PES-PVP membrane, protons in PA molecules tend to interact with oxygen in the C=O group of PVP molecules via hydrogen bond, and migrates via a hopping mechanism through neighbouring units. 46 On the other hand, protons in free acid at a high PA doping level hop along the mixed anion chains of H2PO4 -/HPO4 2-under anhydrous condition. 47 The high activation energy of PA/PES-PVP membrane indicates that the proton transportation in the membranes is primarily via Grotthuss mechanism. 48 However, it has been revealed that when h with a degradation rate of 0.3 mV h -1 . The degradation rate is over one order of magnitude higher than that of the PA/PBI composite membrane at the identical condition 50 .
Proton conductivity and cell performance PES-PVP composite membranes
Nevertheless, the degradation rate increased to 1.4 mV h -1 with further polarization test. The results indicate that PA/PES-PVP-NH shows a lower stability than PA/PES-PVP in fuel cell operations.
In order to reveal the reasons for the degradation of PA/PES-PVP-NH membrane fuel cells, electrochemical impedance technique was employed (see Fig.10B ). The result indicates that the membrane resistance is stable, while the electrode resistance is slightly decreased during the fuel cell operation. In other words, the fuel cell performance degradation is not due to the PA leaching or degradation of the Pt electrocatalysts. 
Conclusions
Three types of mesoporous silica materials were successfully synthesized and incorporated into the PES-PVP matrix, forming inorganic-organic hybrid composite membranes. In comparison with the pristine PA-doped PES-PVP membrane, the inorganic-organic hybrid composite membranes showed lower PA uptake and higher proton conductivity, achieving TGA curves of HMS, NH2-HMS and NH2-meso-silica. 
HMS (PES-PVP-H), (C) NH2-meso-silica(PES-PVP-NS) and (D) NH2-HMS (PES-PVP-NH).
The content of mesoporous materials is 2.0 wt%. 
